Changes in behaviour during the inter-nesting period and post-nesting migration for Ascension Island green turtles by Hays, G.C. et al.
	 	
	
 
 
 
This is the published version:  
 
Hays,	G.C.,	Luschi,	P.,	Papi,	F.,	del,	Seppia	C.	and	Marsh,	R.	1999,	Changes	in	behaviour	during	the	
inter‐nesting	period	and	post‐nesting	migration	for	Ascension	Island	green	turtles,	Marine	ecology	
progress	series,	vol.	189,	pp.	263‐273.	
	
	
Available from Deakin Research Online: 
 
http://hdl.handle.net/10536/DRO/DU:30058265	
	
	
	
	
Reproduced	with	the	kind	permission	of	the	copyright	owner.		
	
Copyright	:	1999,	Inter‐Research	
Vol. 189: 263-273, 1999 MARINE ECOLOGY PROGRESS SERIES Mar Ecol Prog Ser Published November 26 
Changes in behaviour during the inter-nesting 
period and post-nesting migration for 
Ascension Island green turtles 
G .  C .  ~ays ' l :  P. ~ u s c h i ~ ,  F. Papi2, C .  del seppia3, R. ~ a r s h ~  
'School of Biological Sciences, University of Wales Swansea, Singleton Park. Swansea SA2 8PP, Wales, UK 
'~ipart imento di Etologia, Ecologia, Evoluzione, University of Pisa. Via A. Volta 6, 56126 Pisa, Italy 
3Centro di Studio per la Faunistica ed Ecologia Tropicali del CNR, Via Romana l?, 50125 Firenze, Italy 
'James Rennel Division. Southampton Oceanography Center. Empress Dock. Southampton S014 3ZH, United Kingdom 
ABSTRACT: Satellite transmitters were attached to green turtles Chelonia mydas while they were 
nesting on Ascension Island in the South Atlantic (7"57'S, 14"22'W) and individuals were subse- 
quently monitored during the inter-nesting period and the post-nesting migration to Brazil. During the 
inter-nesting period, data from the transmitters suggested that turtles generally stayed within 5 km of 
the nesting beach on which they had originally been observed. During both the inter-nesting period 
and migration, turtles were submerged the vast majority (>95%) of the tune, suggesting that they nei- 
ther basked at the surface nor drifted passively during migration to any great extent. There was a clear 
dichotomy in submergence behaviour, with submergences tending to be of short duration during post- 
nesting migration (mean = 7.3 rnin, 3318 h of data from 5 individuals) and of longer duration during the 
inter-nesting period (mean = 22.1 min, 714 h of data from 5 different in&viduals). As submergence 
duration is generally linked to activity levels in sea turtles, this pattern suggests that turtles were com- 
paratively inactive during the inter-nesting period and comparatively active dunng migration. During 
both the inter-nesting period and the post-nesting migration, die1 submergence patterns were detected 
with dive duration tending to be longer at night. As the turtles migrated WSW from Ascension Island, 
there was a reduction in their speed of travel. A numerical model of the near-surface currents sug- 
gested that this reduction was associated with the weakening of the WSW flow of the prevailing South 
Atlantic Equatorial Current. 
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INTRODUCTION 
It has historically been very difficult to study the 
movements of marine animals over extended temporal 
and spatial scales because of the logistical problems of 
following individuals. As a consequence, studies of 
marine animal movements have traditionally been lim- 
ited to short-term tracking efforts of a few days or 
mark-recapture studies. Satellite tracking using the 
Argos system has, however, provided a tool for exam- 
ining long-distance movements. Over the last decade 
the increasing miniaturisation and reliability of trans- 
mitters and improvements in the location system have 
started to allow large-scale movements to be accu- 
rately charted. For example, satellite tracking has been 
used to record the movements of penguins (Jouventin 
et al. 1994, Hull et al. 1997), albatrosses (Jouventin & 
Weimerskirch 1990), narwhals (Dietz & Heidejorgen- 
sen 1995), porpoises (Read & Westgate 1997), seals 
(McConnell & Fedak 1#996) and right whales (Mate et 
al. 1997). 
There has also been extensive satellite tracking of 
sea turtles (e.g. Renaud & Carpenter 1994, Plotkin et 
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Resale of full article not permitted 
264 Mar Ecol Prog Ser 
al. 1995, Gitschlag 1996) with this method being 
used, most spectacularly, to identify the long-distance 
migrations that several populations undertake at the 
end of the nesting season (Papi S1 Luschi 1996, Luschi 
et al. 1998). One of the classic examples of such a 
long-distance post-nesting migration involves the 
green turtles Chelonia mydas nesting on Ascension 
Island in the South Atlantic (7'57'S, 14'22'W). Both 
conventional tagging of individuals with numbered 
flipper tags and satellite tracking studies have shown 
that females nesting on Ascension Island migrate to 
feeding grounds over 2000 km away on the coast of 
South America (Mortimer & Carr 1987, Luschi et al. 
1998). Such a long-distance migration poses severe 
physiological challenges. This population of green 
turtles feeds mainIy on macroalgae on the South 
American coast and individuals are thought not to 
feed either during the migration to and from Ascen- 
sion Island or during their stay at the island (Carr et 
al. 1974, Mortimer & Carr 1987). Consequently, indi- 
viduals are thought to survive on huge fat reserves 
laid down at their feeding grounds with, for example, 
an estimated 37 kg of fat being required by a 175 kg 
adult to complete the migration (Prange 1976). Any 
energy saved during trans-Atlantic migration or dur- 
ing the inter-nesting period may allow increased 
investment in either the number or quality of eggs 
and hence may enhance the reproductive output of 
females. As such, it might be expected that females 
will remain as quiescent as possible during the inter- 
nesting period and that they should optimise their 
swimming performance during the migration in order 
to minimise the energetic cost of returning to South 
America. In marine animals such as turtles (Prange 
1976) and seals (Thompson et al. 1993), the minimum 
cost of transport (02 consumed per unit distance 
moved) generally occurs at an intermediate swim- 
ming speed where the product of metabolic rate and 
time to complete the journey is minimal. In this study 
we used data from satellite transmitters to examine 
whether this predicted change in behaviour, from 
quiescence to activity, occurs between the inter-nest- 
ing and migration periods for green turtles nesting on 
Ascension Island. 
MATERIALS AND METHODS 
From April to July 1997, satellite transmitters (model 
ST-14, Telonics Inc.) were attached to female green 
turtles while they were nesting on Long Beach, Ascen- 
sion Island, and were subsequently located using the 
Argos system. This system assigns a level of accuracy 
to fixes with Classes 3, 2 and 1 being the most accurate 
(generally < 1 km from the true position) while Classes 
0, A and B have undefined accuracy. Transmitters had 
a pulse repetition frequency of either 50 or 90 S. Details 
of the attachment procedure and the method of deter- 
mining the turtles' speed of travel are given in Luschi 
et al. (1998). In short, transmitters were attached to the 
carapace with epoxy. When reconstructing the routes 
followed during migration, we disregarded those fixes 
of the lower 3 classes which were considered erro- 
neous (33 out of 585) because they inferred either a 
swimming speed exceeding 5 km h-' (n = 25 fixes; this 
threshold being derived from speed values calculated 
from Class 1 to 3 locations only) or a swimming direc- 
tion which differed by more than 90" from those 
recorded in the preceding and following 3 d (n = 8 
fixes). Speed values were then calculated on the basis 
of the distance and time interval between consecutive 
fixes. Nomenclature for the identity of the tracked tur- 
tles follows that used previously (Luschi et al. 1998). 
The transmitters were all set up with a duty cycle of 
'on continuously', with a saltwater switch to suppress 
transmissions when the transmitter was submerged. 
This switch provided information on the number of 
submergences and the mean duration of submer- 
gences, with this information being integrated into 
6 h intervals. The start and stop times for each of 
these 6 h intervals were determined by the time that 
th.e transmitter was switched on. The minimum time 
which was logged as a submergence was either 60 s 
(Turtles B, C,  D and G) or 10 s (Turtles E, F, H and I), 
depending on the particular transmitter. Since sub- 
mergence information could be obtained even when 
a location was not calculated, we inferred the posi- 
tion of some submergence records by interpolation 
from adjacent locations. The time spent submerged 
was calculated for each 6 h interval by multiplying 
the mean duration of submergences by the number of 
submergences. 
To assess the turtles' speed of travel in relation to 
the magnitude of the prevailing ocean currents as 
they migrated away from Ascension Island, we used 
a primitive equation general circulation model: the 
Global Isopycnic Model (GIM, Luschi et al. 1998, 
Marsh et al. 1998). We used this model previously to 
show that the WSW current flow from Ascension 
Island matches the turtles' departure direction during 
their post-nesting migration (Luschi et al. 1998). Tak- 
ing the output from Year 30 of GIM (assumed to be 
sufficiently spun up to assess near-surface currents), 
we used 'snapshot' layer velocity fields to diagnose 
Lagrangian trajectories repeating the approach we 
have used before for the North Atlantic (Hays & 
Marsh 1997). The model gave the position of the sur- 
face mlxed layer, which is typically 25 m thick, at 
1 mo intervals, from which the current speed was 
determined. 
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locations were dominated by those of the poorest 
quality (locations Class B)  (Table l) .There was 
considerable variability between the inter-nest- 
ing turtles in the rate at which locations were 
obtained while they were at  sea. For example, for 
- 1 2 ! . l . . . - 1 ~ . . . l . . - - 1 . ~ . - 1 1  Turtle J, no locations were obtained over the 
-35 -30 -25 -20 -1 5 entire period of 12 d before the platform transmit- 
Longitude ("W) ter terminal (PTT) failed, while for Turtles H and 
Fig. 1 The routes followed by 5 turtles (Turtles B to F) migrating I, 25 and 17 locations were obtained over 12.5 
from Ascension lsland to Brazil (from Luschi et al. 1998). The 
direction of movement is indicated by the arrow 
RESULTS " 1 (a) Internesting 
Movements 
Movements during the post-nesting migration have 
been reported in detail elsewhere (Luschi et al. 1998). 
In short, 1 turtle (Turtle A) followed a circuitous route 
close to Ascension Island while 5 turtles (Turtles B to F) 
migrated towards Brazil along very consistent paths, 
especially during the first few hundred km of their 
journeys (Fig. 1). Six different turtles (Turtles G to L) 
subsequently re-nested, as evidenced by locations 
close to Ascension Island and/or direct observations of 
re-nesting. Here we compare data from the 5 migrat- 
ing and 6 inter-nesting turtles. 
Locations were obtained relatively infrequently dur- 
ing the inter-nesting period (mean = 0.92 locations d-', 
SE = 0.13, n = a total of 64 d for which transmitters 
functioned) and more frequently during migration 
(mean = 2.49 locations d-', SE = 0.12, n = a total of 
190 d for which transmitters functioned), a difference 
which was highly significant (Mann-Whitney test, W = 
28 077, p < 0.001) (Fig. 2a,b). During both the inter- 
0 1 2 3 4 5 6 7  
Number of locations per day 
50 i 
(b) Migration 
40 - 
n 
Number of locations per day 
Fig. 2 .  Number of 1ocati.ons obtained each day during (a) the 
inter-nesting period and (b) the post-nesting rmgration 
Table 1. Number of locations of the different accuracy classes and the number of submergence records (each recording the mean 
duration of subrnergences during individual 6 h intervals) that were obtained for different turtles during the post-nesting 
migration (Turtles B to F) and during the inter-nesting period (Turtles G to L) 
P l T  id Period for which 
PTT functioned 
(days) 
Number of locations 
2 1 0 
Submergence 
B records 
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and 8.5 d respectively, i.e. locations for these 2 turtles each turtle, retaining the locations that were closest to 
occurred at a rate of about 2 per day. To assess the one another, i.e. those locations that minimised the 
value of the Class A and B locations for determining total inter-sample distance. The positions of these 
the position of turtles during the inter-nesting period, range centres were both within 5 km of the nesting 
we examined in detail the data for these latter 2 turtles. beach in an area of shallow water that extends west 
For both turtles the majority of locations were centred from Ascension IsIand (Fig. 3c). 
around an area a few km west of the nesting beach 
although a few locations were more distant, being up 
to 65 km away (Fig. 3a,b). Certainly, some of the outly- 
ing locations were simply inaccurate in reflecting 
movements by the turtles, since several locations were 
inland. In order to define the centre of each turtle's 
inter-nesting range we omitted 35 % of the locations for 
Submergence behaviour 
General comparisons between the inter-nesting and 
migration periods 
(a) Turtle H 
F -7.6 1-1 
-14.4 -14.2 
(b) Turtle I 
-7.6 
-14.4 -14.2 -1 4 
Longitude ('W) 
Longitude ("W) 
Fig. 3. All the locations obtained for (a) Turtle H (n = 25 loca- 
tions) and (b) Turtle I (n = 17 locations). (c) The range centre 
for these 2 turtles during the internesting period (see text for 
details of calculation) (0) = Turtle H, (0)  = Turtle I .  Error bars 
are i 2 SE. The dotted line represents the 20 m depth contour 
During both the inter-nesting period and the post- 
nesting migration, turtles spent the vast majority of the 
time submerged with the mean % of time spent sub- 
merged being 96.0% during the inter-nesting period 
(n = 128, 6 h intervals, SE = 0.3%) and 95.4% during 
migration (n = 535, 6 h intervals, SE = 0.2%), a differ- 
ence which, although small in absolute terms, was sig- 
nificant (Mann-Whitney test, W =  182 486, p = 0.01). 
During the inter-nesting period turtles tended to 
conduct long submergences (mean = 22.1 min, SE = 
1.1 min. n = 119, 6 h intervals), while during migration, 
subrnergences tended to be much shorter (mean = 
7.3  min, SE = 0.3 min, n = 553, 6 h intervals), a differ- 
ence which was highly significant (Mann-Whitney 
test, W =  67667, p 0.001) (Fig. 4) .  
. . 
5 15 25 &I 45 55 65 
Durat~on of submergence (mins) 
(b) Migration 
5 15 25 35 45 55 65 
Duration of submergence (mins) 
Fig. 4.  Mean duration of submergences recorded during indi- 
vi.dual6 h intervals for (a) the inter-nesting period and (b) the 
postnestiny rn~gration 
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Diel patterns in submergence behaviour within the 
inter-nesting period 
During the inter-nesting penod, information was 
received for 3 turtles about subnlei-gence behaviour 
integrated into two 6 h intervals that occurred predom- 
inantly (>80%)  at night and two 6 h intervals that 
occurred predominantly (>80%) during the day and 
which covered the majority of the inter-nesting period. 
For 1 turtle (Turtle G)  information was supplied for 2 
inter-nesting periods, while for the other 2 turtles 
(Turtles H and I) information was supplied for part of 
a single inter-nesting period. The subn~ergence  data 
for these individuals are shown in Fig. 5 and reveal a 
few general patterns. In the week immediately after 
nesting, turtles tended to exhibit longer submergences 
at  night and shorter submergences during the day. As 
the inter-nesting period progressed, the submergence 
behaviour during the daytime remained essentially the 
same. However, the behaviour at night often changed, 
with shorter submergences being conducted as the 
date of the subsequent nesting emergence ap- 
proached. The variation from this general pattern can 
be gauged with reference to Fig. 5.  Turtle G ,  during its 
first recorded inter-nesting interval, and Turtles H and 
I all conformed to the general pattern of fewer subiner- 
gences at night at the start of the inter-nesting interval. 
In contrast, during its second recorded inter-nesting 
interval, Turtle G showed no diel difference in submer- 
gence behaviour, although there was a systematic 
change in behaviour with longer submergences at  the 
start of the interval and shorter submergences at the 
end of the interval. 
Diel patterns in submergence behaviour during 
migration 
For 3 of the individuals (Turtles B, C and E) there 
was a clear and significant diel pattern in the submer- 
gence behaviour throughout the migration, with 
longer submergences at  night and shorter submer- 
gences during the day (Mann-Whitney test, W >  3959, 
p < 0.001 in all 3 cases). For these 3 individuals the 
mean duration of nighttime and daytime submer- 
gences were: Turtle B, 4.9 min (SD = 0.4, n = 51, 6 h 
intervals) and 4.0 min (SD = 0.4, n = 54); Turtle C, 
8.1 min (SD = 2.7, n = 66 6 h intervals) and 5.3 min 
(SD = 2.1, n = 64); Turtle E, 15.6 min (SD = 1.7, n = 69, 
6 h intervals) and 5.8 min (SD = 0.6, n = 70). For the 
other 2 individuals (Turtles D and F) the most evident 
pattern in their submergence behaviour dunng  mi- 
gration was an  increase in the duration of submer- 
gences as they headed westwards, with long submer- 
gences being recorded prior to the cessation of signals 
from these transmitters (Figs. 6 to 10). 
Days since nesting Days since nesting 
Fig 5. Mean duration of submergences recorded dunng individual 6 h periods during the internesting period for (a,b) Turtle G 
(2 separate internesting periods), (c) Turtle H and (d) Turtle I Arrows show when turtles were observed re-nesting. (0) Intervals 
that were predominantly (>80?6) d u m g  the day, (a) Intervals that were predominantly (>80%) dunng the night 
Tu
rtl
e 
B 
Q
) 
U
 
As
ce
ns
ion
 ls
lan
d 
-
1
 
-
 
Di
re
ct
io
n o
f t
ra
ve
l Lo
ng
itu
de
 ("W
) 
Tu
rtl
e 
C 
As
ce
ns
ion
 ls
lan
d 
Br
az
il 
.
-
 3 
-
E 
Di
re
cli
on
 of
 tr
av
el 
-
30
 
-
25
 
Lo
ng
itu
de
 ("W
) 
F
~
gs
. 6 
& 
7.
 (a
) T
he
 c
o
u
rs
e
 fo
llo
w
ed
 fr
om
 A
sc
en
si
on
 ls
la
nd
 to
 B
ra
z~
l (fr
om
 Lu
sc
hi
 e
t a
l. 
19
98
). T
he
 o
v
e
ra
ll 
di
re
ct
io
n 
of 
tr
av
el
 is
 in
di
ca
te
d.
 (b
) T
he
 sp
ee
d 
of 
tr
av
el
 
du
ri
ng
 m
ig
ra
tio
n.
 (0
) l
nd
iv
~d
ua
l ca
lc
ul
at
io
ns
 o
f 
sp
ee
d 
of 
tr
av
el
 f
ro
m
 c
o
n
se
c
u
tiv
e 
lo
ca
tio
ns
, w
hi
le
 th
e 
so
lid
 li
ne
 s
ho
w
s t
he
 m
e
a
n
 s
pe
ed
 p
er
 d
eg
re
e 
o
l l
on
gi
tu
de
 
(ig
no
rin
g 1
" d
is
ta
nc
es
 w
he
re
 th
er
e 
w
a
s 
o
n
ly
 1
 m
e
a
su
re
m
e
n
t 
of 
s
pe
ed
). (
c)
 Th
e 
m
e
a
n
 d
ur
at
io
n 
of 
su
bm
er
ge
nc
es
 p
er
 6
 h
 in
te
rv
al
, f
or
 in
te
rv
al
s t
ha
t w
e
re
 p
re
- 
do
m
in
an
tly
 (>
80
%
) d
ur
in
g 
th
e 
da
y 
(0
) o
r 
n
ig
ht
 (
0)
. (d
) T
he
 p
er
ce
nt
ag
e 
of 
tim
e 
sp
en
t s
u
bm
er
ge
d 
fo
r i
nd
iv
id
ua
l 6
 h 
in
te
rv
al
s 
du
ri
ng
 th
e 
da
y 
(0
) a
n
d 
du
ri
ng
 th
e 
n
ig
ht
 (m
). F
/g
T
u
rt
le
 B
. =
Tu
rtl
e 
C 
Tu
r
t
l
e
 
D
 
(
a
)
 
A
s
c
e
n
s
i
o
n
 
I
s
l
a
n
d
 
.
-
 
B
r
a
z
i
l
 
4
 
a
 
a
 
D
i
r
e
c
t
i
o
n
 
o
f
 
t
r
a
v
e
l
 
L
o
n
g
i
t
u
d
e
 
(
"
W
)
 
T
u
r
t
l
e
 
E
 
(
a
)
 
-
 
A
s
c
e
n
s
i
o
n
 
I
s
l
a
n
d
 
3
 
B
r
a
z
i
l
 
D
l
r
e
c
t
l
o
n
 
o
f
 
t
r
a
v
e
l
 
C
 
-
8
 
'
l
.
 
5
0
 
-
3
5
 
-
3
0
 
-
2
5
 
-
2
0
 
-
1
 
5
 
L
o
n
g
i
t
u
d
e
 
(
"
W
)
 
F
i
g
s
.
 
8
 
&
 
9
.
 
L
e
g
e
n
d
 
a
s
 
i
n
 
F
i
g
s
.
 
6
 
&
 
7
.
 
F
i
g
.
 
T
u
r
t
l
e
 
D
.
 
F
i
g
.
 
T
u
r
t
l
e
 
E
.
 
D
a
t
a
 
c
o
l
l
e
c
t
e
d
 
i
n
 
a
 
6
 
h
 
i
n
t
e
r
v
a
l
 
t
h
a
t
 
s
t
r
a
d
d
l
e
d
 
d
u
s
k
 
o
r
 
d
a
w
n
 
i
s
 
r
e
p
r
e
s
e
n
t
e
d
 
b
y
 
a
 
+
 
270 Mar Ecol Prog Ser 189: 263-273, 1999 
Turtle F 
Ascensioo Island 
W 
U Brazil 
-8 - 
Direction of travel 
For 3 of the individuals (Turtles B, C and F) that 
turned and headed WNW, the speed of travel sub- 
sequently increased. For the other 2 individuals 
(Turtles D and E)  that maintained more southerly 
routes, the speed of travel continued to decline 
during the migration until data from these trans- 
mitters ceased (Figs. 6 to 10). When all the data 
for the post-nesting migrations were considered 
there was a significant inter-individual varia- 
tion in speed of travel, with Turtle E travelling 
For example, between 14.5" and 18.5" W all 5 tur- 
tles followed a similar wsw course, and over this Table 2. Mean swimming speed (km h-', * 1 SE) recorded for 5 tur- 
tles (1) between 14.5"W and 18.5"W and (2) throughout the 
region there was no significant difference post-nesting migration 
between their speeds (Table 2 ,  ANOVA, F, , = 
markedly slower than the others (Table 2, 
ANOVA, F4,4,j5 = 173, p < 0.001). 
Ocean currents 
-35 -30 -25 -20 -1 5 
60- Model results for trajectories starting in May, 
C 
- .- (C) o June and July were effectively identical. Fig. l l c  
:.E. shows the modelled current speed moving WSW 
.o a, 40 - 
Z g from Ascension Island for a particle released at 5 0 o 7"30'S, 15"00'W, the closest model grid point to g 20- 
m 0  l I E Ascension Island, during the middle of May. Mov- 
r$ 0 I l %&d8tq?&w- I I I I ing WSW from Ascension Island, it is evident that 
-35 -30 -25 -20 -15 between 15" and 25" W the current speed declines 
from about 0.45 to 0.15 km h-'. 
.,--- 
0.3, p = 0.90). As the turtles moved westwards 
from Ascension Island there was a general ten- 
migration dency for their speed of travel to decline. This 
tendency is clearly seen in Fig. 11 which shows 3.01 (r 0.08) 2.93 (* 0.05) 
how, for the 4 turtles which maintained very sirni- 2.89 (r  0.22) 2.58 (r  0.09) 
W 
l00 - 
U 
C 
0) 
P 
75- 
n 
3 
V) 
S 
0 a0  #?,Q). l (d) l % W b ) F P a o g . ~  mOm Q=* * l 
a 
m 
a 
DISCUSSION 
0 l 
a Examination of the submergence behaviour of 
marine animals can lead to inferences about the 
50 I I I I I 
-35 -30 -25 -20 -1 5 physiological adaptations to diving (e.g. Fedak & 
Thompson 1993) and the levels and types of activ- 
Longitude ("W) ity (foraging, travelling, etc.) (e.g. Le Boeuf et al. 
Fig. 10. Turtle F. Legend as in Figs. 6 & 7 1993). This area has been well developed in the 
study of marine mammals, particularly pinnipeds, 
through the use of time-depth recorders (TDRs) 
Speed of travel which constantly log the depth, allowing dive profiles 
to be reconstructed and, more recently, through the 
Although the calculated speeds of travel showed a use of TDRs interfaced to satellite transmitters (e.g. 
high degree of variability (Figs. 6 to 10), some general Martin et al. 1993). In contrast, for sea turtles relatively 
trends were evident. All the turtles departed from little is known of natural dive patterns and the use of 
Ascension Island with a speed of around 3 km h-'. 
lar courses over the first 1000 km, there was a lin- 
ear decline in their mean speed between 14.5" 
and 24.5" W. 
D 3.00 (* 0.11) 2 70 (k 0.09) 
E 2.82 (+ 0.22) 2.09 (+ 0.08) 
F 3.00 (r 0.15) 2.65 (t 0.07) 
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Longitude ("W) 
- 3.54 (b) 
F 
Longitude ("W) 
Longitude ("W) 
Fig. 11. (a) Initial courses followed by 5 turtles during their 
departure from Ascension Island. (b) The mean speed of 
travel (km h-', k 1 SE) for 4 individuals (Turtles B, C, D and E) 
in relation to longitude (a). Each point represents the mean 
value of speed measurements per degree of longitude. Speed 
(km h-') = 4.34 + 0.0850 longitude. (F,,, = 132, p 0.001, r2 = 
0.94). (c) Results from the Global lsopycnic Model (GIM) 
showing the modelled speed of the surface current as it moves 
WSW from Ascension Island. The model was run with a 
release time in the mddle of May and a release point at 
f030'S, 15"00fW (the closest model grid point to Ascension 
Island). We determined the current speed from the difference 
in position of the modelled mixed layer between the start and 
end of each month. This speed is plotted against the mean 
longitude of the modelled mixed layer during that month 
TDRs and satellite transmitters to examine diving 
behaviour is still in its infancy (Lutcavage & Lutz 1997). 
Between the inter-nesting period and the post-nest- 
ing migration, there was a clear dichotomy in the sub- 
mergence behaviour of green turtles nesting on Ascen- 
sion Island, with submergences tending to be shorter 
during the post-nesting migration and longer during 
the inter-nesting period. As a consequence of the 
longer submergences during the inter-nesting period, 
the rate at which locations were provided by the Argos 
system was low compared to that during migration. 
This interaction between the performance of satellite 
transmitters and the behaviour of sea turtles has been 
noted before (Plotkin 1998), with the consistent pattern 
being that the Argos system is of limited use for iden- 
tifying inter-nesting movements (Hays et al. 1991, 
Plotkin 1998), but allows post-nesting migrations to be 
accurately charted (Papi & Luschi 1996). 
The limited location data provided during the inter- 
nesting period suggest that, at this time, the turtles 
generally stay within a few km of their nesting beach. 
Similarly, short duration (<38 h) tracking experiments 
at Ascension Island, involving floats attached to turtles 
with 20 m lines, have shown that females tend to 
remain close to shore (Mortimer & Portier 1989). 
When sea turtles conduct dives of long duration in 
shallow coastal sites, these dives are frequently associ- 
ated with resting on the sea floor; furthermore, there 
may be a strong diel periodicity with resting bouts 
occurring more at night (van Dam & Diez 1996, 
Minamikawa et al. 1997). Both the duration of the sub- 
mergences during the inter-nesting period and the diel 
signal in dive duration, therefore, point to the turtles 
being more quiescent at this time compared to during 
the migration from Ascension Island to South America. 
As well as resting on the sea bed, marine turtles 
might also rest by basking on the surface. Since the 
prevailing current from Ascension Island, the South 
Atlantic Equatorial Current (SAEC), flows WSW, tur- 
tles might simply bask on the surface at the end of the 
nesting season and be carried passively back towards 
South America. Turtles would be expected to minimise 
their overall cost of transport between Ascension 
Island and South America. The metabolic rate of tur- 
tles, as with other animals, increases as a function of 
their activity (Prange 1976), and so by simply basking 
on the surface turtles might minimise their metabolic 
rate. However, the cost of completing the migration is 
unlikely to be a simple function of the instantaneous 
metabolic rate during the journey, since by moving 
slowly it will take longer for turtles to reach South 
America. In addition, by travelling slowly, turtles 
would delay the date on which they arrived at their 
feeding grounds and started to feed and replenish 
their fat reserves. In studies with immature (0.25 to 
0.9 kg) green turtles the metabolic rate has been mea- 
sured over speeds ranging from 0 to 0.4 m S-' (Prange 
1976). Using the empirical relationship between meta- 
bolic rate and swimming speed, it was shown that the 
minimum cost of transport occurred at an intermediate 
swimming speed (Prange 1976). If the form of relation- 
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ship between metabolic rate and swimming speed is 
the same for adult green turtles (the absolute values 
are immaterial in the following arguments) then, re- 
gardless of the speed of the current, the minimum cost 
of transport will be achieved at an intermediate swim- 
ming speed and not by swimming as fast as possible or 
by passively drifting. On this basis it would be pre- 
dicted that adult turtles should not drift passively as 
they return from Ascension Island to South America. 
Our results are consistent with this prediction as they 
show that, first, migrating turtles do not bask for long 
periods at the sea surface and, second, since their 
speed of travel is much greater than the speed of the 
prevailing current, they do not simply drift passively 
while they are submerged. 
Although basking has been observed in marine tur- 
tles in certain instances (Sapsford & Van der Riet 1979), 
it is generally very rare, as evidenced in both the dive 
profiles recorded by attaching TDRs (e.g. Sato et al. 
1995) and in the high level of submergence recorded 
by satellite transmitters (e.g. Renaud & Carpenter 
1994, Gitschlag 1996). While basking may provide a 
thermoregulatory role in freshwater turtles, allowing 
them to raise their body temperature (Spotila et al. 
1984), the implication is that basking is not widely used 
by marine turtles. 
During migration, 3 of the turtles showed a clear diel 
pattern of submergence. This pattern is probably 
linked to their diel cycle of moving faster during the 
day and slower at night (Luschi et al. 1998). The infer- 
ence is that the turtles do not always migrate with an 
unwavering effort, but that during the night they may 
slow down and make slightly longer dives. The varia- 
tion in submergence behaviour between the 5 turtles 
was marked. For example, one turtle (Turtle B) main- 
tained submergences of short duration throughout 
migration with a clear diel component; for another 
(Turtle C), there was a restricted period during the 
middle of migration when submergences of long 
duration were undertaken; for another (Turtle D) the 
duration of subrnergences gradually lengthened as 
migration progressed; while for another (Turtle E)  sub- 
mergences of long duration were conducted at night 
throughout migration. The significance of this inter- 
individual variation is, as yet, unclear. It would appear 
that long submergences during migration were not 
associated with changes in course. For example, while 
the course followed by Turtle B changed distinctly dur- 
ing migration, submergence behaviour remained very 
consistent, while for turtle C the long submergences 
conducted between 26 to 28" W were not associated 
with any clear course change It would appear, there- 
fore, that long subrnergences during migration are not 
part of the turtles' navigational mechanism. Also, 
green turtles, being herbivorous, are thought not to 
feed during the migration (Carr et al. 1974), and so 
longer submergences are presumably not associated 
with feeding. In the same way that the duration of sub- 
mergences seems to be linked to levels of activity 
when the inter-nesting and migration periods are com- 
pared and when day/night patterns are considered, it 
may be that bouts of long submergences during migra- 
tion are simlarly associated with periods of less activity. 
The SAEC undoubtedly plays a major role in struc- 
turing the ecology of the green turtle population on 
Ascension Island. First, this current will disperse 
hatchlings from the island. Second, migrating females 
depart from Ascension Island within the SAEC (Luschi 
et al. 1998), which supports the suggestion that the 
current may play a role in the navigation and orienta- 
tion of the turtles, possibly through an odour plume 
that emanates from the island (Koch et al. 1969). Third, 
the SAEC may influence the speed of travel for migrat- 
ing turtles. Our observations provide evidence for this 
third role. While there was much intra-individual vari- 
ability in the speed of travel, which may have been 
caused by the inaccuracies of the fixes, when results 
from the d~fferent urtles were pooled there was a very 
clear decrease in the speed of travel during the first 
1000 km of migration, in line with the decrease in the 
speed of the prevailing current. While the overall 
reduction in the turtles' speed between 14.5" and 
24.5" W was about 0.8 km h-', the modelled decline in 
the current speed was only about 0.3 km h-'. This dif- 
ference may partly reflect the properties of the GIM. 
As we have discussed before (Hays & Marsh 1997), 
such numerical models probably give a good represen- 
tation of mean current directions and the relative 
changes in current speed. However, to ensure compu- 
tational stability, the relatively coarse horizontal reso- 
lution of these models necessitates a level of viscosity 
that leads to the magnitude of the modelled currents 
being only about 50% of the true values. Viewed in 
this light, the reduction in the speed of the SAEC can 
largely explain the reduction in the turtles' speed over 
the first 1000 km. During the initial stages of migration, 
the turtles' speed was around 3 km h-' and there was 
little inter-individual variation. This speed is higher 
than for green turtles migrating in the South China 
Sea, where values of 2.2,  2.5, 1.7 and 1.7 km h-' have 
been recorded for different individuals (Luschi et al. 
1996). Clearly, the SAEC will contribute to the higher 
initial speeds of travel for Ascension Island turtles. 
After this inltial decrease in speed, 3 of the turtles sub- 
sequently speeded up as they turned and headed 
WNMr It may be significant that Turtle E, which had 
the slowest overall speed, also followed the most 
southerly course, taking it into an area where the west- 
ward component of the SAEC drops markedly (Luschi 
et al. 1998). The interaction between migration be- 
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haviour a n d  t h e  prevailing physical oceanography 
appears  to b e  very s t rong for Ascension Island turtles 
a n d  this interaction clearly n e e d s  to b e  considered 
w h e n  examining t h e  migration of other  populations. 
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